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ABSTRACT 
Microchannel heat exchanger has been used in industry for decades. But the problem of 
refrigerant maldistribution can significantly deteriorate the performance of heat exchanger 
(especially evaporator) and system. In real air conditioning systems especially automobile air 
conditioning systems where oil separator is less commonly used, the lubricant pumped out of the 
compressor is mixed with refrigerant and travels throughout the system. In this study, lubricant effect on 
refrigerant distribution in microchannel evaporators is investigated and the corresponding effects on 
evaporator performance and system performance are discussed. 
First, the effect of lubricant on distribution is studied by relating the flow regime in the 
horizontal inlet header and the corresponding infrared image of the evaporator. Visualization of 
the flow regime is performed by high-speed camera.  R134a is used as the refrigerant with PAG 
46, PAG 100 and PAG 150 lubricants, forming foam in all flow regimes. Quantitative 
information including foam location and foam layer thickness is obtained using a matlab-based 
video processing program. Oil circulation rate (OCR) effect and viscosity effect on flow regime 
are analyzed quantitatively. 
Second, lubricant effect on the performance of microchannel evaporators is investigated 
experimentally in a typical automobile air conditioning system. The increase of oil circulation 
rate and viscosity elevate the pressure drop of the evaporator. Increasing OCR has been found 
beneficial for refrigerant distribution, contributing to higher mass flow rates. But the addition of 
lubricant can significantly decrease the specific enthalpy difference of the working fluid mainly 
because of the non-evaporative nature of lubricant (in the temperature range air conditioning 
application) and the dissolution of refrigerant in lubricant. The overall OCR effect on capacity is 
the balance of these two opposing effects. Higher viscosity tends to slightly deteriorate the 
distribution and reduce capacity. 
Third, lubricant effect on system performance is examined. Increasing OCR reduces the 
compressor power. COP peaks are witnessed around 2-3% OCR under almost every test 
condition in this study. Higher viscosity results in higher compressor power and lower COP. 
In parallel with the experimental study, a simulation approach is carried out. A microchannel 
evaporator model developed by Tuo et al. (2012a) is enhanced by inclusion of the 
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thermodynamic and transport properties of refrigerant-oil mixture and their impact on boiling 
heat transfer and pressure drop characteristics. Viscosity and OCR effect on refrigerant 
distribution are investigated using this model. By only considering lubricant effects among 
parallel microchannel tubes, the results show that 1) high viscosity is detrimental for refrigerant 
distribution; 2) as OCR increases, distribution becomes worse; but at very high OCR, 
distribution becomes better. 
Attempts have been made to take account of the lubricant effect in the inlet header by 
reversely calculating refrigerant distribution from infrared images. As a result, a distribution 
quantification method is developed which correlate liquid refrigerant distribution with 
measurable temperature parameters (evaporator air inlet temperature and evaporator wall 
temperature). This method can serve the same role as a quality distribution function in a 
microchannel heat exchanger model. By combining the lubricant effect in the inlet header taken 
into account by the newly proposed method and the parallel microchannel tubes model, a 
complete evaporator model is developed in which lubricant effect is fully considered. The new 
model incorporating lubricant effect provides better prediction of heat exchanger performance 
than the pure refrigerant models, especially at high OCR’s. 
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CHAPTER 1 LITERATURE REVIEW 
Lubricants in a vapor compression refrigeration system are mainly used to reduce friction 
and minimize wear of the compressor. In automobile air conditioning systems, where an oil 
separator is less commonly used, oil injected by the compressor is mixed with refrigerant and 
travels throughout the system. An adverse effect of lubricating oil on capacity and COP has been 
identified experimentally by many researchers. McMullan and Murphy (1988) found that 
circulating oil could degrade the performance of the evaporator. McMullan et al. (1992) showed 
that the addition of any oils that they tested would degrade the capacity, and they suggested that 
the degradation of performance could be minimized by using low viscosity oil at low OCR or 
high viscosity oil at high OCR. DeAngelis and Hrnjak (2005) studied the oil effect on small CO2 
system which had a microchannel evaporator and found that decreasing OCR and viscosity is 
beneficial for capacity and COP. The adverse oil effect can also be predicted by numerical 
models. According to Thome’s study (1995), there were two typical ways to study oil effect. The 
first one treated oil as the contamination and used a correction factor to take lubricant influence 
into account. The second one considered the working fluids as refrigerant-oil zeotropic mixture 
instead of pure refrigerant, and mixture properties were used in the model. The second approach 
was believed to be thermodynamically correct, and it was more generalized, having potential to 
be used for any miscible refrigerant-lubricant combinations. This thermodynamic approach has 
been adopted by many researchers. Youbi-Idrissi et al. (2003) developed a simplified 
thermodynamic model of enthalpy calculation for the refrigerant and oil mixture and showed that 
higher OCR would result in higher non-evaporated quantity of refrigerant, and thus, lower 
specific enthalpy difference in the evaporator. This model has been experimental validated by 
Youbi-Idrissi et al. (2004). Lottin et al. (2003) built a numerical model to simulate the 
consequences of oil addition on refrigeration system performance and found that oil effects were 
negligible when OCR was less than 0.5%, but beyond that value, the system performance could 
be significantly decreased. Lottin et al. (2003) modeled the oil effects on evaporator and 
condenser and predicted that oil addition generally decreased the performance of heat exchanger, 
but optimum performance of the evaporator was observed at 0.1% OCR.  
The fundamental reason for the above mentioned lubricant effects is the changes of 
thermodynamic and transport properties of the working fluid due to oil addition. Many studies 
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have been performed to investigate the refrigerant-oil mixture properties including solubility, 
viscosity, density, surface tension, heat capacity, thermal conductivity and etc. for numerous 
refrigerant and oil combinations (Filippov and Novoselova, 1955; Liley and Gambill, 1973; 
Jensen and Jackman, 1984; Baustian, 1986; Conde, 1996; Seeton and Hrnjak, 2009). 
For microchannel heat exchangers, oil effect occurs in two places: 
1) In heat exchanger header: Due to the properties changes, especially the increasing surface 
tension caused by oil addition, the flow regime become significantly different than that 
of pure refrigerant; thus, the quality distribution will be affected. A comprehensive 
review of the flow regime visualization of the refrigerant-oil mixtures has been done by 
Filho et al. (2009). After summarizing numerous studies, they concluded that the 
transition from stratified wavy regime to annular flow regime of refrigerant-oil mixture 
happened earlier than pure refrigerant. Foaming was identified in most of the studies 
with different quantity, and the authors believed that foaming characteristics were related 
to particular physical properties of each refrigerant and lubricant pair. Bowers and 
Hrnjak (2010) illustrated the flow of R134a and 1.7% (OCR) PAG oil (46 cSt at 40 ℃) 
in a horizontal tube (ID=8.7 mm) .They discover that the flow regime became 
stratified/annular when it is stratified/wavy for pure refrigerant and the addition of oil 
created numerous droplets in the vapor and lots of bubbles or froth in the liquid layer. 
Zou and Hrnjak (2013) observed the flow regime of R134a and PAG46 oil mixture in a 
vertical microchannel manifold. Foam was formed after a large amount of oil (2.5% and 
4.7%) was introduced, making the flow regime more homogeneous. 
2) Among parallel microchannel tubes: The change of the thermodynamic and transport 
properties of lubricant will affect the heat transfer and pressure drop characteristics of the 
working fluid, thus altering the flow resistance of each tube with different magnitude. 
Several critical reviews of oil effect on refrigerant-side heat transfer and pressure drop 
could be found in the literature (Thome, 1995b; Thome, 1999, Mermond et al., 1999; 
Shen and Groll, 2005a; Shen and Groll, 2005b; Thome et al. 2008; Youbi-Idrissi and 
Bonjour, 2008). All studies identified that oil addition increased refrigerant-side pressure 
drop. Regarding to the influence of oil on heat transfer, no agreement has been reached. 
Most of the studies reviewed in the aforementioned seven papers used conventional 
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tubes, and very limited information could be obtained with respect to oil effect in 
microchannel. Kuang et al. (2003) experimentally investigated miscible and immiscible 
lubricant effects on heat transfer and pressure drop characteristic of supercritical 
condensing CO2 flow in microchannels. Significant adverse effects of lubricant on heat 
transfer coefficient and pressure drop were identified, and immiscible lubricant was 
found to have greater influence. Dang et al. (2006) investigated the effect of lubricant on 
the heat transfer and pressure drop performance of supercritical CO2 in tubes with 
various diameters. For tube with 1 mm diameter, the addition of 1% lubricant degraded 
the heat transfer coefficient by 50% and any increase of oil concentration elevated 
pressure drops. Yun et al. (2007) studied the effect of PAG oil on the heat transfer 
coefficient and pressure drop characteristics of supercritical condensing CO2 flow in 
minichannels. 20.4% degradation of heat transfer coefficient and 4.8 time’s greater 
pressure drop were shown in the experiments with 4% oil concentration compared with 
pure refrigerant. Nebuloni et al. (2013) investigated the miscible lubricant effect on 
laminar ﬁlm condensation (annular flow regime) in minichannels numerically. They 
found that the addition of lubricant always changed the pressure drop and heat transfer 
coefficient in the penalizing direction. Burr et al. (2005) visualized the flow regime of 
R134a and POE oil mixture of high quality (0.75-0.95) in parallel microchannels (1.54 
mm hydraulic diameter). They found that most of the flow observed was in the separated 
regime, and maldistribution was exacerbated by oil addition. Through experimental 
measurements, the authors also discovered that the pressure drop was increased and the 
void fraction was depressed by the presence of lubricant. Field and Hrnjak (2007) 
observed the flow regime of R134a and POE 68 oil with different concentration in a 
transparent microchannel tube (0.5 mm hydraulic diameter). Bubble-slug, slug, slug-
annular, and annular flow regimes were identified, and the transition between bubble-
slug and slug flow were found to be affected by oil addition. Increasing viscosities and 
concentrations of the lubricant were shown to elevate the pressure drop of refrigerant-oil 
mixture. In the end, the authors developed a mechanistic model which could be used to 
predict the pressure drop of pure refrigerant and refrigerant-oil mixture. 
Refrigerant maldistribution is a severe issue for microchannel heat exchanger which can 
greatly decrease the thermal performance of the heat exchanger, especially for the evaporator. 
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The existence of lubricant can affect distribution, which is a consequence of combined oil effect 
in the heat exchanger header and among microchannel tubes. DeAngelis and Hrnjak (2005) 
experimentally studied the oil effect on small CO2 system which has a microchannel evaporator. 
They found that decreasing viscosity is beneficial for capacity and COP, but OCR effect was not 
clear to them at that time.  Zou and Hrnjak (2013) investigated oil effect on refrigerant 
distribution in vertical inlet headers. At 0.5% oil concentration, distribution was found to become 
worse, which might be due to the significant increase of viscosity which creates difficulty for the 
working fluid to reach the top tubes. While at 2.5% and 4.7% oil concentration, distribution 
improved owing to the large amount of foam making the flow regime more homogeneous. 
The main objective of this study is to provide a comprehensive understanding of lubricant 
effect on the performance of microchannel heat exchanger with an emphasis on distribution. 
Experiments have been carried out for R134 and PAG 46, PAG 100 and PAG 150 combinations. 
OCR in the test for each refrigerant-oil mixture ranges from 0.1%-9%. Viscosity effect and OCR 
effect on distribution, capacity and COP have been analyzed.  
A modeling approach is taken in parallel with experiment to investigate oil effect on 
distribution and capacity. Tuo et al. (2012a) proposed an experimentally validated microchannel 
evaporator model considering pure refrigerant maldistribution in both conventional direction 
expansion (DX) and flash gas bypass (FGB) cycles (Tuo and Hrnjak, 2011). This model is 
enhanced in this study by inclusion of the thermodynamic and transport properties of refrigerant-
oil mixture and their impact on boiling heat transfer and pressure drop characteristics. First, oil 
effect on thermodynamic equilibrium between the vapor and liquid phases within one 
microchannel tube is investigated, as well as the oil effect on heat transfer and pressure drop 
characteristics. Secondly, a simplified parallel two-tube model is employed to obtain in-depth 
understanding of how oil affects the flow resistance of each tube, and thus, affect distribution. 
Then a new infrared thermography based distribution quantification method is proposed which 
can be used as a quality distribution function taking account of lubricant effect in the header. In 
the end, a heat exchanger model is developed using the new distribution function and validated 
against the experimental results. 
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CHAPTER 2 EXPERIMENTAL SETUP AND 
MEASUREMENT 
2.1 Facility 
The experimental facility used in this study consists of two environmental chambers and an 
automobile compressor located in between. In each chamber, there is a duct heater, a variable 
speed blower and a wind tunnel where the microchannel heat exchanger is mounted. In the 
indoor chamber, the proportional-integral-derivative (PID) controlled duct heater provides the 
same amount of heat that is removed by the evaporator. In the outdoor chamber, a secondary 
glycol loop is used to balance the heat rejected by the condenser, and the glycol is cooled by an 
outside chiller. The duct heater is also used in the outdoor chamber for the purpose of more 
effective temperature control. The schematic of the system is shown below (figure 2-1) and the 
detailed description of the experimental facility can be found in Milosevic (2010).  
 
Figure 2-1 Experimental facility schematic 
There are three independent ways to calculate the system capacity which are air side, 
refrigerant side and chamber balance. Two chilled mirror dew point monitors are used to 
measure the dew point temperature before and after the heat exchanger, meaning that the air side 
capacity calculation can work for both dry and wet conditions. However, the system only runs in 
dry condition in this study. The chamber balance can make the system capacity determination 
more reliable, especially when the refrigerant side and air side capacity do not agree well. 
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Figure 2-2 Infrared thermography 
Infrared camera (shown in Figure 2-2) is used to measure the surface temperature of the 
microchannel heat exchanger. Infrared image is not only a qualitative indication of refrigerant 
distribution, but it can be also used to obtain quantitative information of distribution, which will 
be introduced later. 
 
Figure 2-3 High speed visualization 
The header of the microchannel heat exchanger is modified to be transparent in this study. 
High speed camera (shown in Figure 2-3) is used to record the fluid morphology within the 
header. The high speed visualization can aid the study of oil effect on flow regime.  
Hewlett-Packard HP75000 is used for data acquisition in this study. Agilent VEE software 
acquires the data and writes it into Microsoft Excel spreadsheet. Then a program made in 
Engineering Equation Solver (EES) is used to process the data from excel and calculate results 
including capacity, COP, pressure drop and etc. 
2.2 Uncertainty analysis 
The air-side capacity ( airQ ) and the refrigerant-side capacity ( refQ ) are calculated as follow: 
( )air eai naQ m h h                                                                                                            (2.1) 
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( )ref tot eri eroQ m h h                                                                                                        (2.2) 
On the refrigerant-side, the specific enthalpy of the two-phase refrigerant-oil mixture is the 
summation of the specific vapor enthalpy and specific liquid enthalpy: 
m l (1 )vh h x h x                                                                                                            (2.3) 
Because of the existence of lubricant, the bubble point temperature is higher than the 
saturation temperature at the given pressure. The specific enthalpy of the vapor phase consists of 
a saturation part and a sensible part:  
, , ( )v sat v p v bub sath h C T T                                      (2.4)      
Following Lottin and et al. (2003) and Conde’s (1995) approach, the specific enthalpy of the 
liquid phase, which includes pure refrigerant and lubricant, can be calculated using a linear 
mixing rule, which ignores the heat of mixing:  
, ,[ ( )](1 )l sat l p l bub sat oilh h C T T x OCR h OCR                                                                 (2.5)                                                       
,
0.388 0.00045(1.8 32)
4.186
reference reference
T T
oil p o
T T
T
h C dT dT
s
  
   
 
 
                                                           (2.6) 
Once the pressure and temperature are measured, the local oil concentration can be 
determined by the solubility curve of the refrigerant-oil pair: 
lub ( , )T So ility P w                                                                                                      (2.7)                                                                                     
Vapor quality can be calculated according to the mass conservation of the lubricant 
(1 )OCR x w                                                                                                               (2.8)                                                                                                   
For each set of experiment, the agreement between air-side capacity and refrigerant-side 
capacity is within 4%. The system capacity is set to be equal to the average of air-side capacity 
and refrigerant-side capacity. 
ref+
2
air
e
Q Q
Q                                                                                                                (2.9) 
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The compressor speed ( CV ) is measured as well as the torque ( CF ) exerted on the 
compressor shaft, so the compressor work ( CW ) can be calculated as follow: 
C C CW V F                                                                                                                     (2.10)                                                                                                   
The coefficient of performance (COP) is determined by system capacity ( eQ ) and 
compressor work ( CW ). 
e
C
Q
COP
W
                                                                                                                    (2.11)                                                                                                   
The uncertainty of eQ and COP are determined by using the method proposed by Moffat 
(1988).  Assuming U is a function of N independent variables ( 1 2, NX X X ), the uncertainty of 
function U is calculated as follow: 
2
1
N
i
i i
U
U X
X
 

 
  
 
                                                                    (2.12)  
The uncertainties of measured variable are listed in Table 2-1 and the total uncertainties for 
eQ is 4.1% and 3.7% for COP.    
Table 2-1 Measurement uncertainty 
Variables Unit Uncertainty 
Refrigerant pressure kPa 
 
±3.56 
Refrigerant mass flow rate kg/s 
 
±0.5% 
Nozzle pressure drop Pa 
 
±6.5 
Temperature ℃ 
 
±0.5 
Compressor speed rpm 
 
±5 
Compressor torque Nm 
 
±0.05 
Oil circulation rate - 
 
±20% 
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CHAPTER 3 EXPERIMENTAL RESULTS 
3.1 Lubricant effect on distribution 
Lubricant effects occur in the inlet header and among parallel microchannel tubes. It will be 
shown in the simulation model later that the lubricant effect among parallel microchannel tubes 
on distribution is very limited. This section of the study only focuses on the lubricant effect in 
the inlet header. Most of the abovementioned studies of flow regime provide experimental 
observations and very limited quantitative information can be obtained. In this study, with the aid 
of in-house video processing program, information including foam layer thickness, foam layer 
location can be obtained from the high speed video of the flow regime. Then the oil effect on 
distribution within the inlet header can be analyzed based on quantitative data. 
3.1.1 Typical flow regime in the inlet header 
Figure 3-1 shows a typical flow regime (5.4% OCR) in the inlet header and the 
corresponding infrared image of the evaporator. The flow regime in the entire header is divided 
into three parts. At the beginning of the first part, liquid and vapor are well mixed forming a 
homogeneous flow regime. The two-phase flow becomes fully developed at the end of the first 
part and exists in the same pattern in the second and third part. The stratified flow regime with 
liquid at the bottom and vapor on the top is the main reason for the large portion of superheat 
region at the top left corner of the heat exchanger. The homogeneous flow regime at the 
beginning of the first part helps tubes to receive liquid thus decreases the superheat region. 
Because of the addition of lubricant, a layer of foam is formed at the interface of liquid and 
vapor, which is the main difference between the flow regimes of pure refrigerant and refrigerant-
oil mixture (shown in Figure 3-2).  
In the first part of the inlet header, the flow regime is very homogeneous, making it very 
difficult to separate the liquid, vapor and foam using computer programs. The flow in the third 
part is fairly stable and the tube inlets are seldomly exposed in the vapor phase for any studied 
conditions, resulting in a non-superheated region in the infrared image. In the second part, the 
flow has clear separation of vapor, liquid and foam, also they change dramatically under 
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different conditions. Based on the above-mentioned reasons, only the flow regimes (and the 
corresponding infrared images) in the second part are investigated in this study. 
 
Figure 3-1 Typical flow regime in the inlet header and the corresponding infrared image 
 
Figure 3-2 Difference between the flow regimes of pure refrigerant and refrigerant-oil mixture 
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3.1.2 OCR effect on flow regime in the inlet header 
The addition of lubricant can significantly affect the flow regime in the inlet header. Figure 
3-3 shows the comparison between the flow regimes with different OCRs. Since the liquid level 
in the inlet header fluctuates up and down periodically, the images with highest liquid level and 
lowest liquid level are both captured. At 0.1% OCR, very small amount of foam is formed and 
most of the tube inlets are exposed in the vapor phase especially when the liquid level is at its 
lowest location. As OCR increases, the foam layer gradually becomes thicker and fills the gap 
between tube inlets and liquid level. At 5.4% and 8.3% OCR, most of the tubes are immersed in 
the foam layer. By using the data that is extracted from Figure 3-3 (highest liquid level ones), the 
shape of foam layers and their relative locations with respect to tube inlets are demonstrated in 
Figure 3-4 (60 512 resolution). It further confirms the observation from Figure 3-3 that 
increasing OCR results in thicker foam layer which submerges more tube inlets.  
 
Figure 3-3 Flow regimes in the inlet header with different OCR’s 
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Figure 3-4 Quantitative flow regimes in the inlet header with different OCR’s 
Figure 3-5 quantitatively demonstrates the OCR effect on foam layer thickness. The effect of 
OCR on the average distance of tube immersion (indicated in the red region in Figure 3-6) is 
shown in Figure 3-6. The shorter the distance is, it is more likely that the tube inlets will be 
exposed in the vapor phase. Negative distance means that in average the foam is located 
underneath the tube inlets. 
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Figure 3-5 OCR effect on foam layer thickness 
 
Figure 3-6 OCR effect on tube immersion 
As can be seen from Figure 3-3 and Figure 3-4, at high OCRs (>5%), the tube inlets are 
immersed in the foam layer for most of the time. This regime can prevent large amount of vapor 
flowing through the tubes at the beginning part of the inlet header. While at low OCRs (<3%), 
since the tube inlets are likely to be exposed in the vapor phase, large quantity of vapor is 
distributed at the beginning, worsening the distribution. This phenomenon is well indicated in the 
infrared images shown in Figure 3-7. At 0.1% OCR, a superheat region with steep triangular 
shape is located on the top left corner of the infrared image. When OCR is raised to 8.3%, the 
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shape of the superheat region becomes much less steeper which is an indication of better 
distribution. 
 
Figure 3-7 Infrared images of the heat exchanger at different OCR’s 
Distribution rating parameter Φ proposed by Bowers, et al. (2009) is used to quantify the 
distribution through infrared image of the evaporator. The definition of Φ is shown in Figure 3-8. 
Φ approaching unity means that distribution is improving which is indicated in Figure 3-9. By 
comparing the Φ values, it can be also seen that the distribution at 8.3% OCR is more uniform 
than that at 0.1%.  
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Figure 3-8 Illustration of distribution rating parameter Φ 
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Figure 3-9 Three theoretical examples of distribution with corresponding Φ 
3.1.3 Viscosity effect on flow regime in the inlet header 
In order to investigate viscosity effect on the flow regime in the inlet header, three kinds of 
PAG oils with different viscosity grades (46,100 and 150) are used in the experiments.  
 
Figure 3-10 Flow regimes with different viscosities at 0.1% and 5.4% OCR’s 
Figure 3-10 demonstrates the flow regimes in the inlet headers for three refrigerant-oil 
combinations at low (0.1%) and high (5.4%) OCR’s. No significant difference of flow regime is 
seen with respect of viscosity change, which can be later confirmed by the quantitative 
information of the flow regime. 
The effect of viscosity on foam layer thickness is quantitatively illustrated in Figure 3-11. It 
can be seen that three different lubricants have almost identical effect.  
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Figure 3-11 Viscosity effect on foam layer thickness 
For the viscosity effect on tube immersion distance, there is also no clear difference between 
three different oils, as is indicated in Figure 3-12. 
 
Figure 3-12 Viscosity effect on tube immersion 
Since the flow regime in the inlet header is similar at different viscosities (same OCR), the 
distribution is not significantly affected (become slight worse) by the viscosity grade of the 
lubricants, which can be reflected in the infrared images and the Φ values shown in Figure 3-13. 
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Figure 3-13 Infrared images of the heat exchanger at different OCRs and viscosities 
Based on the above analysis, it can be concluded that increasing OCR improves distribution 
by creating favorable flow regimes, while viscosity seems to have no significant effect on the 
flow regime in the inlet header. The distribution becomes slightly worse with higher viscosity oil 
which might be due to the adverse lubricant effect among parallel microchannels (introduced in 
Chapter 4). 
3.2 Lubricant effect on evaporator performance 
Two microchannel heat exchangers (which are referred as “HX1” and “HX2”) with different 
geometries are used in the experiment to investigate lubricant effect on evaporator performance.  
The geometries of both heat exchangers are listed in Table 3-1. The experiments of HX1 only 
include PAG 46 lubricant while the experiments of HX2 cover PAG 46, PAG 100, and PAG 150. 
Figure 3-14 shows the distribution baselines of these two heat exchangers which are conducted 
under very low OCR (0.1%) using PAG 46. It can be seen that the HX2 in the baseline has a 
much poorer distribution compared to HX1. Such difference is mainly attributed to header 
pressure drop induced flow maldistribution (Tuo and Hrnjak, 2013a). Since HX1 has a smaller 
channel diameter, larger outlet header diameter and higher heat exchanger aspect ratio, the 
pressure drop in the outlet header exerts less impact on the flow distribution among parallel 
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channels. The ratio of outlet header pressure drop over tube pressure drop is 1.5% in HX1 while 
it is 35.9% in HX2. 
 
Figure 3-14 Infrared images of the two evaporators used in the experiments 
Table 3-1 Heat exchanger Geometry 
Parameter HX1 HX2 
Total Length 595 mm 
 
356mm 
Louver Angle 27° 
 
27° 
 Louver Pitch 0.883 mm 
 
1.4 mm 
Fin Height 5.5 mm 
 
7.8 mm 
Flow Depth 16 mm  
 
20.4 mm 
Tube Depth 16 mm 
 
20.4 mm 
Tube Thickness 0.9 mm 
 
2.1 mm 
Louver Length 5.4 mm 
 
6.6 mm 
Tube Pitch 6.4 mm 
 
10 mm 
Fin Thickness 0.1 mm 
 
0.1 mm 
Fin Pitch 1.567 mm 
 
3.2 mm 
Port Diameter 0.5 mm 1.2 mm 
Inlet Header Diameter  23.8 mm 37.5 mm 
Outlet Header Diameter 37.5 mm 23.8 mm 
Number of Ports 17 10 
Number of Tubes 34 25  
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3.2.1 Lubricant effect on pressure drop 
The addition of lubricant can significantly increase the viscosity of refrigerant-oil mixture in 
the liquid phase especially in the high quality region (high oil concentration region), leading to a 
penalizing direction of pressure drop which can be seen in Figure 3-15 and 3-16. 
For the same reason, the increase of lubricant viscosity grade will also increase the pressure 
drop, which is indicated in Figure 3-16.  Although the difference between PAG 100 and PAG 
150 is subtle, the pressure drops of both are higher than that of PAG 46. 
Table 3-2 Effect of oil concentration on liquid mixture viscosity 
Oil concentration 0% 5% 10% 50% 90% 
Liquid mixture viscosity (cP) 0.25 0.35 0.49 6.96 50.79 
 
 
Figure 3-15 Pressure drop of HX1 as a function of OCR 
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Figure 3-16 Pressure drop of HX2 as a function of OCR 
3.2.2 Lubricant effect on heat transfer coefficient 
In the conventional size tubes, the addition of lubricant will increase the surface tension of 
the working fluid, thus suppress nucleate boiling, but the lubricant can create foaming and 
increase surface wetting. So the lubricant effect on heat transfer is complicated and sometimes 
contradictory. 
In microchannel tubes, the effect of lubricant on heat transfer coefficient is most likely 
adverse (according to the literature review conducted in the first chapter). But in microchannel 
evaporators which include multiple tubes, the overall heat transfer coefficient will be enhanced at 
fixed OCRs if the distribution is improved. Also, the increase of mass flow rate along with the 
increase of OCR will also enhance heat transfer coefficients.  
So at this point, the lubricant effect on heat transfer coefficient of a microchannel heat 
exchanger is undetermined. 
3.2.3 Lubricant effect on capacity 
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3.2.3.1 Lubricant effect on specific enthalpy difference 
The specific enthalpy difference represents the cooling capacity of unit mass flow rate of the 
working fluid and it is determined in this study as air-side capacity divided by the total mass 
flow rate including pure refrigerant and lubricant. It can be seen from Figure 3-17 that OCR has 
very similar effect on specific enthalpy difference in both heat exchangers and the enthalpy 
difference decreases almost linearly with increasing OCR. By using data extrapolation, it has 
been found that 10% OCR results in 19.5% total reduction of the specific enthalpy difference 
compared with the reference of pure refrigerant. The major reduction is due to the replacement of 
10% pure refrigerant with 10% non-evaporative lubricant. Furthermore, certain amount of 
refrigerant is dissolved in the lubricant, the quantity of which is determined by the temperature, 
pressure and the solubility curve of the refrigerant-oil pair. Under the experimental condition in 
this study, 2.5% liquid refrigerant is trapped in the oil not contributing to the cooling capacity. 
While going through the expansion device, refrigerant evaporates to cool itself from condensing 
temperature to evaporation temperature. Since lubricant is non-evaporative within the 
temperature range of air conditioning application, certain amount of pure refrigerant need to 
evaporate to remove the sensible heat of lubricant from condensing temperature to evaporation 
temperature. In such a way, 3.8% liquid refrigerant is used without generating any cooling 
capacity. The remaining losses (3.2%) cannot be quantified in this study which includes the heat 
of mixing. 
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Figure 3-17 OCR effect on specific enthalpy difference (PAG 46) 
Figure 3-18 demonstrates the viscosity effect on specific enthalpy difference and no 
significant difference has been seen with respect to viscosity changes. 
 
Figure 3-18 Viscosity effect on specific enthalpy difference 
3.2.3.2 Lubricant effect on mass flow rate 
Higher oil concentration will cause higher bubble point temperature of the refrigerant-oil 
mixture thus higher superheat at a fixed pressure. So as OCR increase, in order to maintain the 
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same superheat, a higher mass flow rate is required to achieve similar local oil concentration at 
the compressor inlet compared with lower OCR cases. 
From infrared images of HX1 (shown in Figure 3-19), it can be seen that distribution is 
slightly improved by oil addition, also resulting in higher mass flow rate of the working fluid 
(shown in Figure 3-20).  
 
Figure 3-19 Infrared images of HX1 under different OCRs 
 
Figure 3-20 OCR effect on mass flow rate in HX1 
In HX2 which has a poorer distribution baseline than HX1, the oil effect on refrigerant 
distribution as well as mass flow rate is shown as follow (Figure 3-21 and Figure 3-22): 
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Figure 3-21 Infrared images of HX2 under different OCRs 
 
Figure 3-22 OCR effect on mass flow rate in HX2 
Lubricant effect on distribution in both heat exchangers can be compared quantitatively by 
using normalized distribution rating parameter (each distribution rating parameter divided by the 
baseline parameter). It can be seen from the comparison of this normalized parameter (shown in 
Figure 3-23) that lubricant has more significant effect on distribution in the HX2 than in HX1. 
Therefore, the magnitude of normalized mass flow rate (each mass flow rate divided by the 
baseline mass flow rate) increase due to oil addition in HX2 is greater than that in HX1. 
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Figure 3-23 OCR effect on normalized distribution rating parameter and mass flow rate 
Viscosity effect on mass flow rate is shown in Figure 3-24. Higher viscosity has a tendency 
to reduce the mass flow rate mainly due to the lower vapor density at the compressor inlet caused 
by higher pressure drop. 
 
Figure 3-24 Viscosity effect on specific enthalpy difference 
Combining OCR effects on specific enthalpy difference and mass flow rate in HX1, it is 
found that the addition of oil will decrease the cooling capacity which is shown in Figure 3-25. 
Essentially improved distribution is beneficial for capacity, but it does not manifest in the 
experiments, which is attributed to the more dominated negative effect of decreasing specific 
enthalpy difference. But in HX2 (using PAG 46) which has a similar OCR effect on specific 
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enthalpy difference but magnified lubricant effect on distribution, the capacity reaches its peak 
value at around 2% OCR (shown in Figure 3-26). It also can be seen from Figure 3-26 that 
increasing viscosity will result in a reduction of cooling capacity which is mainly due to the 
decrease of mass flow rate. 
 
Figure 3-25 OCR effect on capacity in HX1 
 
Figure 3-26 Lubricant effect on capacity in HX2 
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3.3 Lubricant effect on system performance 
Increase of OCR will create higher pressure drop thus lower the density of the vapor 
refrigerant at compressor inlet. So the mass flow rate of the compressible vapor refrigerant is 
decreasing although the total mass flow rate is increasing. Correspondingly the compressor work 
will decrease. Additionally, the refrigerant which is dissolved in the lubricant will evaporate 
during the compression process creating a cooling effect and further reducing the compressor 
power. This cooling effect is reflected in the compression lines shown in the P-h diagrams 
(Figure 3-28). The compression process is approaching isentropic as OCR increases. Increase of 
viscosity will result in higher compressor power to overcome the increasing friction. 
HX1 HX2
 
Figure 3-27 Lubricant effect on compressor power 
 
Figure 3-28 P-h diagram for two heat exchangers 
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The overall lubricant effect on COP including OCR and viscosity is shown in Figure 3-29. 
COP peak is witnessed around 2-3% OCR in almost all conditions that were examined in this 
study. Increasing viscosity is detrimental for COP, because higher viscosity reduces capacity and 
increases compressor power at the same time. 
HX1 HX2
 
Figure 3-29 OCR and viscosity effects on capacity for two heat exchangers 
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CHAPTER 4 MODELING 
4.1 Model development 
A 1D steady state numerical model for refrigerant-oil mixture upward flow in single 
microchannel tube, two parallel microchannel tubes and entire heat exchanger have been 
developed. The following assumptions are made to simplify the model without losing generality: 
1) Uniform distribution of refrigerant among parallel ports of each tube. 2) Uniform temperature 
and velocity profile of the incoming air along the tube. 3) Ideal mixture of refrigerant and oil (for 
enthalpy calculation). 
In these models, a thermodynamic approach proposed by Thome (1995a) is used for 
refrigerant-oil mixture modeling. Refrigerant and a miscible lubricant create a zeotropic mixture 
(immiscible oil will not be discussed here). The vapor pressure of oil is normally 12 orders of 
magnitude smaller than the vapor pressure of refrigerant, so the composition of oil in the vapor 
phase is negligible. 
The accuracy of the property calculations is essential to the reliability of the numerical 
model for refrigerant-oil mixture. Most of the properties correlations are from Seeton and Hrnjak 
(2009). Their experimental data covers a wide range of pressure (0.6-39.3bar), temperature (-15-
100 ℃) and local oil concentration (10%-91%) for R134a and PAG 46 oil mixture. The rest of 
the correlations are commonly used general relationships for oil and refrigerant-oil mixtures 
property calculations. 
Table 4-1 Property correlations for pure oil and refrigerant-oil mixture 
Items Pure oil Refrigerant-oil mixture 
VLE N/A Seeton and Hrnjak (2009) 
v  Seeton and Hrnjak (2009) Seeton and Hrnjak (2009) 
  Seeton and Hrnjak (2009) Seeton and Hrnjak (2009) 
  Seeton and Hrnjak (2009) Jensen and Jackman (1984) 
pc  Liley and Gambill (1973) Jensen and Jackman (1984) 
  Liley and Gambill (1973) Filippov and Novoselova(1955)  
 
In this study, mixture quality, local oil concentration and OCR are defined by (4.1), (4.2), 
(4.3) respectively. 
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During evaporation process, the liquid phase is gradually enriched with oil. Based on the 
mass balance of oil in steady state, local oil concentration is related to OCR and mixture quality: 
1
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4.1.1 Single tube model 
In a single tube model, the lubricant effect on the evaporation temperature, heat transfer 
coefficient and pressure drop are investigated. 
For refrigerant-oil mixture, the temperature moves along the bubble point line during 
evaporation. Bubble point temperature is a function of local oil concentration and pressure.  
Figure 4-1 shows the temperature development at fixed pressure (370kPa) as a function of 
quality. For pure refrigerant, the temperature stays constant because it is in saturation condition. 
For refrigerant-oil mixture, the liquid phase gradually becomes enriched with oil, so the 
temperature of the mixture keeps increasing, especially in the high quality region. The increase 
in bubble point temperature will decrease the temperature difference between air-side and 
refrigerant-side, reducing capacity. 
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Figure 4-1 Oil effect on bubble point temperature 
Chen’s (1966) heat transfer correlation is inherited in this study from Tuo et al.’s (2012a) 
model, but modified with refrigerant-oil mixture properties. Figure 4-2 shows that refrigerant 
heat transfer coefficient is degraded due to the presence of oil, because convective boiling is 
suppressed by the increase of viscosity and nucleation boiling is inhibited by the increase of 
surface tension. This modified version of Chen’s correlation does not account for flow regime 
transition and foaming effect caused by oil addition, so it cannot predict the possible 
enhancement of heat transfer coefficient due to small concentrations of oil, a phenomenon which 
is commonly seen in conventional tubes. 
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Figure 4-2 Oil effect on refrigerant-side heat transfer coefficient 
Mishima and Hibiki (1996) correlation modified with refrigerant-oil mixture properties is 
used in this study. From Figure 4-3, it can be seen that oil addition will increase pressure drop, 
because of the viscosity increase of the liquid mixture. 
 
 
Figure 4-3 Oil effect on pressure drop 
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4.1.2 Two tube model 
Using the single tube model, a study of oil effect on distribution is carried out for two tubes 
in parallel. This study is aimed at demonstrating how oil affects the flow resistance of each tube 
thus affect distribution. One of the tubes is vapor-rich, the other is liquid-rich. These two tubes 
are taken from a microchannel heat exchanger with geometric parameters listed in Table 3-1 
(HX2). Header pressure drop is not considered at this point, so each tube should have the same 
pressure drop.  
 
1 2 
  
DP1=DP2 
  
Vapor-rich Liquid-rich 
 
Figure 4-4 Two tube model illustration 
4.1.2.1 Viscosity effect 
A case study is carried out to investigate viscosity effect on distribution. PAG 32 and PAG 
86 oils are used for that purpose. According to the simulation results, two tubes can achieve 
pressure drop equality under the following inlet conditions. 
Table 4-2 Inlet conditions for PAG32 case 
Tube #  mixx  totm  (g/s) liqm  (g/s)  DP kPa  OCR   Oil Type  
1 0.7 0.831 0.249 1.283 3% PAG32 
2 0.19 1.169 0.951 1.283 3% PAG32 
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If the oil viscosity is raised by replacing PAG 32 with PAG 86 and the rest of the inlet 
conditions are kept unchanged, the pressure drop equality of these two tubes will not hold. In the 
vapor-rich tube, liquid refrigerant will evaporate quickly, leaving the liquid phase oil dominated. 
The viscosity of the liquid mixture is increased by 85% due to the change oil type. While in the 
liquid-rich tube, although refrigerant keeps boiling off, the liquid phase is always refrigerant 
dominated ( 45%
oil
w  at the end of the tube). So there is only a 13% increase of liquid mixture 
viscosity.  Because of the relatively larger increase of liquid mixture viscosity in vapor-rich tube, 
it will have a higher pressure drop than the liquid-rich tube. This phenomenon can be seen in 
Figure 4-5 and Figure 4-6.  
 
Figure 4-5 Viscosity variation in both tubes due to the increase of oil viscosity grade 
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Figure 4-6 Pressure drop variation in both tubes due to the increase of oil viscosity grade 
With constraint of the same pressure drop for parallel tubes, certain amount of refrigerant 
will have to migrate from vapor-rich tube to liquid-rich tube. Table 4-4 shows the inlet condition 
of these two tubes after pressure drop equality is reached again. The vapor-rich tube will end up 
having fewer liquid and the liquid-rich tube will end up having more liquid, which means the 
distribution is becoming worse.  
Table 4-3 Inlet conditions for PAG86 case 
Tube #  mixx  totm  (g/s) liqm  (g/s)  DP kPa  OCR   Oil Type  
1 0.7 0.809 0.243 1.328 3% PAG86 
2 0.2 1.191 0.957 1.328 3% PAG86 
 
4.1.2.2 OCR effect  
A similar study is carried out to investigate OCR effect on distribution. Initial conditions are 
given in Table 4-4.  
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Table 4-4 Inlet conditions for 0.1% OCR case 
Tube #  mixx  totm  (g/s) liqm  (g/s)  DP kPa  OCR   Oil Type  
1 0.7 0.8383 0.251 1.238 0.1% PAG46 
2 0.18 1.162 0.949 1.238 0.1% PAG46 
 
If the OCR is raised from 0.1% to 3% and the rest of the inlet conditions are kept unchanged, 
the pressure drop equality of these two tubes will be violated. From Figure 4-7 and Figure 4-8, it 
can been seen that in the vapor-rich tube, the viscosities of liquid mixture for both OCR cases 
increase very fast at the beginning and then “dry-out” happens, the viscosity stays almost 
constant for the rest of the tube. Most of the pressure drop increase due to the change of OCR 
happens in “dry-out” zone. Although the viscosity of liquid mixture is almost the same for both 
OCR cases, higher OCR will create higher liquid mass flow rate (liquid with high oil 
concentration) in the “dry-out” region, which will result in higher pressure drop. For the liquid-
rich tube, the pressure drop increase is mainly due to the increase of liquid mixture viscosity. 
“Dry-out” does not happen in liquid-rich tube in this study. When OCR is raised from 0.1% to 
3%, although refrigerant keeps evaporating, the liquid phase is refrigerant dominated throughout 
the tube ( 45%
oil
w   for 3% OCR case at the end of the tube), which only creates a mild increase 
for the viscosity of the liquid mixture. Under such circumstances, the vapor-rich tube will have a 
higher pressure drop than the liquid-rich tube. 
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Figure 4-7 Viscosity variation in both tubes when OCR is raised from 0.1% to 3% 
 
Figure 4-8 Viscosity variation in both tubes when OCR is raised from 0.1% to 3% 
Pressure drop equality can only be achieved by rearranging the vapor and liquid mass flow 
rate through each tube. Table 4-5 shows the inlet conditions after pressure drop equality is 
reached again. 
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Table 4-5 Inlet conditions for 3% OCR case 
Tube #  mixx  totm  (g/s) liqm  (g/s)  DP kPa  OCR   Oil Type  
1 0.7 0.825 0.248 1.296 3% PAG46 
2 0.19 1.175 0.952 1.296 3% PAG46 
 
By comparing Table 4-4 and Table 4-5, it can be seen that vapor-rich tube is losing liquid 
when OCR increases from 0.1% to 3%, while liquid-rich tube is gaining liquid, which is a sigh of 
worse distribution. 
But liquid refrigerant distribution behaves differently if OCR is further increased to 10%. 
The vapor-rich tube will have a similar variations in viscosity and pressure drop with the 
previous case (OCR ranges from 0.1% to 3%). But for the liquid-rich tube in 10% OCR case, as 
evaporation happens, the tube will end up having more than 70% oil concentration at the end of 
the tube, which means the liquid phase gradually becomes oil dominated. This phenomenon will 
significantly increase liquid mixture viscosity, and thus pressure drop. Under such circumstances, 
the liquid-rich tube will have a higher pressure drop than the vapor-rich tube, as shown in Figure 
4-10. 
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Figure 4-9 Viscosity variation in both tubes when OCR is raised from 3% to 10% 
 
Figure 4-10 Viscosity variation in both tubes when OCR is raised from 3% to 10% 
After rearranging the mass flow rate of liquid and vapor through each tube, these two tubes 
will achieve pressure drop equality again and they will have the following the inlet conditions. 
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Table 4-6 Inlet conditions for 10% OCR case 
Tube #  mixx  totm  (g/s) liqm  (g/s)  DP kPa  OCR   Oil Type  
1 0.7 0.871 0.261 1.674 10% PAG46 
2 0.17 1.129 0.937 1.674 10% PAG46 
 
So when OCR is raised from 3% to10%, the vapor-rich tube will receive more liquid while 
the liquid-rich tube will receive less liquid, which means the distribution will improve. 
4.1.3 Heat exchanger model  
The heat exchanger geometry is listed in Table 3-1 (HX2). The configuration and orientation 
of the heat exchanger is shown in Figure 4-11. A modified empirical correlation for refrigerant 
distribution proposed by Jin (2006) is used in the heat exchanger model. Since this function was 
developed with pure refrigerant, the lubricant effect on the quality distribution in the inlet header 
is ignored at this point. All simulations are carried out at fixed inlet mass flow rate (17g/s) and 
fixed evaporator outlet pressure (360kPa) condition.  
Inlet 
Outlet
 
Figure 4-11 Configuration and orientation of the heat exchanger 
 
4.1.3.1 Viscosity effect  
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Three PAG oil with different viscosity grades are tested in the model. Simulated infrared 
images for all of the three cases are shown in Figure 4-12. It can be seen that as viscosity 
increases, refrigerant distribution becomes slightly worse, since Φ gradually decreases.  
 
Figure 4-12 Viscosity effect on refrigerant distribution in a microchannel evaporator 
4.1.3.2 OCR effect 
Figure 4-13 illustrates variation of heat exchanger surface temperature profile as OCR 
increases from 0.1% to 10%. Φ indicates that initial increase of OCR makes distribution worse, 
but distribution appears to be slightly more uniform at much higher OCR.   
 
Figure 4-13 OCR effect on refrigerant distribution in a microchannel evaporator 
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Based on the analysis shown above, it can be seen that viscosity and OCR affect distribution 
by altering the flow resistance of each tube with different magnitude, but these effects turn out to 
be very limited which is indicated by the change of Φ numbers. The simulation results further 
confirm that the major lubricant effect on distribution is in the inlet header, but it is currently 
missing in the heat exchanger model. 
4.2 Quantification of refrigerant-oil mixture distribution 
Heat exchanger model intruded in section 4.1.3 does not well capture the lubricant effect on 
distribution, since it ignores the oil influence in the inlet header by using an empirical quality 
distribution function without oil. Since distribution can significantly affect heat exchanger 
performance, the quantification of distribution with lubricant becomes essential and a 
distribution function including lubricant need to be developed. 
4.2.1 Introduction of refrigerant distribution quantification 
 Many studies have been performed to quantify refrigerant distribution using an intrusive 
method. The main idea is to measure the mass flow rate of liquid and vapor phase through each 
microchannel tube which branches from a realist heat exchanger header. Vist (2003) investigated 
the distribution of two-phase CO2 and R134a in horizontal heat exchanger headers for upward 
and downward flow configuration. Strong effect on distribution of vapor fraction at header inlet 
has been seen in the experiments. An empirical model was developed to describe phase split in 
the header. Lee et al. (2004) examined the distribution of air-water two-phase annular flow in a 
vertical heat exchanger header. The effect of tube protrusion was examined and the most uniform 
distribution could be achieved by adjusting the depth of protrusion.  Jin (2006) studied the 
distribution of R410A and R134a in horizontal heat exchanger headers. They concluded that the 
refrigerant distribution was largely affected by header inlet location and vapor mass flux. A set 
of empirical correlations for refrigerant distribution were developed. Lee (2009) investigated the 
distribution of air-water two-phase flow in a vertical header. The distribution at the front part of 
the header was found to be only affected by the upstream flow regime, while the distribution at 
the rear part of the header was mainly influenced by the downstream flow configuration due to 
flow recirculation. The existing T-junction phase split models were found to be working well for 
the front part of the header but not the rear part. Ahmad et al. studied the two-phase HFE 7100 
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distribution in a horizontal header including both upward and downward flows. The effects of 
numerous operational and geometrical parameters on distribution were investigated and a map of 
flow regime in the header was developed. Kim et al. (2011) examined the effect of inlet location 
on two-phase R134a distribution in a horizontal header. Parallel inlet configuration was found to 
have the worst performance, while normal and vertical inlet configuration yield similar 
refrigerant distribution. Empirical distribution correlations for all three inlet configurations were 
formulated, which were functions of Reynolds number of the upstream vapor in the header. Zou 
and Hrnjak (2013a, 2013b) performed experimental studies for two-phase R134a and R410A 
distribution in vertical heat exchanger headers. They found that the best distribution was 
achieved at high flux and low quality. Empirical distribution correlations were developed for 
both fluids.  The intrusive method could provide accurate information of distribution which are 
the liquid and vapor mass flow rates through each microchannel tube. But this method is 
expensive which requires specially designed experimental facility and it is very difficult to be 
applied for operating heat exchangers. 
Many attempts have been made to quantify two-phase refrigerant distribution through non-
intrusive methods. Litch and Hrnjak (1999) related the air exit temperature of a microchannel 
condenser with the inside refrigerant distribution. Song et al. (2002) used the frosting pattern to 
identify maldistribution in an outdoor microchannel coil. Infrared thermography has also been 
used by many researchers to examine refrigerant distribution, but only qualitative information 
could be obtained. (Litch and Hrnjak, 1999; Dschida and Hrnjak, 2008; Qi et al., 2009; Shi et al., 
2011; Tuo and Hrnjak, 2012b). Bower et al. proposed a distribution rating parameter which is 
based on the uniformity of the surface temperature of the heat exchanger. Some quantification of 
distribution could be obtained from the infrared image by using this parameter. Bower et al.’s 
method have been adopted by many authors (Tuo and Hrnjak, 2012b, 2013b; Li and Hrnjak, 
2013). 
Non-intrusive method has the advantage of saving time and cost over the intrusive method, 
but very limited quantitative information about refrigerant distribution could be obtained. In this 
section, a heat transfer based method is proposed to quantitatively estimate liquid refrigerant 
distribution with the aid of infrared thermography. This method is validated against wide range 
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of experimental results and it is proved to be capable of well predicting liquid mass flow rate 
through each tube without any intrusive measurement. 
4.2.2 Method for quantification of refrigerant distribution 
4.2.2.1 Heat transfer basis for the quantification method 
The capacity of a heat exchanger is mainly the latent heat of the liquid refrigerant. So the 
liquid refrigerant distribution is more important than the vapor refrigerant distribution. The 
whole heat exchanger can be divided into two regions (shown in Figure 4-14): one has two-phase 
refrigerant and the other has superheated vapor. This study only focuses on the two-phase region 
where the liquid refrigerant exists. 
 
Figure 4-14 Demonstration of single-phase and two-phase regions in a heat exchanger 
From the modeling perspective, the heat exchanger consists of several parallel microchannel 
tubes and each tube is divided into elements. The following assumptions are made to simplify the 
model without losing generality: 1) Uniform temperature and velocity profile of the incoming air 
across the tube. 2) Uniform distribution of refrigerant among parallel ports of each tube. 3) 
Uniform wall temperature within each element. 4) No conduction through the wall along tube 
direction.  
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For each element in the two-phase region, because of the uniform wall temperature, the 
energy balance on the air side can be calculated by using the  -NTU method: 
, , min , ,( )air element TP air in wall elementQ C T T                                                                               (4.5) 
min , airp airC c m                                                                                                                 (4.6) 
1 exp( )NTU                                                                                                              (4.7) 
min
air airh ANTU
C
                                                                                                                 (4.8) 
For the same heat exchanger, assuming uniform temperature and velocity profile of the 
incoming air, airA , ,air inT , airm

,
,p airc and airh  keep constant for each element，so  and minC is also 
constant. 
In the two-phase region, the refrigerant-side capacity is mainly the latent heat of the liquid 
refrigerant, so the following energy balance equation can be formed in each element: 
, ,, , ref liq elementref element TP fgQ m h                                                                                          (4.9) 
For each microchannel tube, refrigerant side capacity in the two phase region is calculated 
by summing up the capacity of each element together: 
, , , ,, ,
1
n
ref liq element ref liq tuberef tube TP fg fgQ h m h m                                                                 (4.10) 
（n is the last element in the two phase region） 
 Based on energy balance between refrigerant-side and air-side,  
, , , min , ,
1 1
( )
n n
ref tube TP air element air in wall elementQ Q C T T                                                        (4.11) 
the ratio of liquid refrigerant mass flow rate through any two microchannel tubes can be 
calculated as following: 
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Knowing the above ratio, liquid refrigerant distribution among parallel microchannel tubes 
can be fully described by the following equation: 
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                                                                       (4.13) 
By using an infrared camera, the wall temperature of each element can be measured. As long 
as the two phase region can be identified on the infrared image of the heat exchanger, the 
distribution of liquid refrigerant can be then determined. 
4.2.2.2 Determination of two phase region from the infrared image 
In each none-flooded tube in a microchannel heat exchanger, there will be a certain location 
at which two-phase refrigerant turns into single-phase. The element at that location is used to 
calculate the transition wall temperature (From two-phase to single-phase).  
The transition element in each tube has saturated single phase vapor refrigerant at the inlet 
and its pressure can be estimated by the average of evaporator inlet and outlet pressures. For the 
purpose of simplicity, the average mass flow rate which equals to the total mass flow rate 
divided by the tube number is used in each transition element.  Then the wall temperature can be 
calculated based the energy balance on the air side and refrigerant side. In this case, the transition 
wall temperature is the same for every tube. An isothermal transition line can be formed on the 
infrared image by connecting the transition location on each tube.  
The determination of transition line can be further modified by considering refrigerant 
maldistribution. First, a reasonable range of maldistribution will be assumed, e.g. mass flow rate 
through each individual tube deviate ±20% from the average value. Then based on the boundary 
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value of that range, two isothermal transition lines can be drawn on the infrared image. The best 
transition line can be then tailored within that range with the aid of heat exchanger model. 
4.2.3 Validation of the quantification method 
The newly proposed quantification method of liquid refrigerant distribution is validated 
against Bielskus’s (2011) experimental data. A real microchannel heat exchanger for automobile 
application was used in his study. The experiments were conducted under three indoor/outdoor 
conditions (25℃/25℃, 35℃/ 35℃, 40℃/40℃) and four different superheats at compressor inlet 
(5℃, 10℃, 15℃, 20℃).   
4.2.3.1 Integration of the quantification method into heat exchanger model 
The model that is used to implement the quantification method is from Li and Hrnjak’s 
(2013) study. Refrigerant-oil mixture is treated as the working fluid in this model. Since the oil 
concentration in the chosen experiments is very low, the oil circulating rate is set to be 0.1%. In 
this model, the working fluid flows along different paths and each path consists of one 
microchannel tube and the corresponding distances in the inlet and outlet header (demonstrated 
in Figure 4-14). Because each path starts from the evaporator inlet and ends at the outlet, the 
pressure drop should be the same for every flow path. The two-phase refrigerant distribution in 
the inlet header was originally described by an empirical quality distribution function (Jin, 2006) 
which assigns the inlet quality for each microchannel tube. It is now replaced by the 
quantification method of liquid refrigerant distribution which basically serves the same role as a 
quality distribution function. It essentially describes how the liquid refrigerant is distributed 
among parallel microchannel tubes. The distribution of the vapor refrigerant will then be 
determined by the mass conservation of both phases as well as the pressure drop equality 
relationship of each flow path. 
 4.2.3.2 Procedure of validation 
First of all, infrared image taken from experiment will be smoothed using an algorithm for 
total variation minimization. The tube’s leading edge on the heat exchanger surface has higher 
temperature than the fin because of the enhancement of heat transfer. The discontinuity of the 
temperature on the heat exchanger surface caused by leading edge effect will be eliminated after 
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the smooth process. The difference between the infrared images before and after smoothing can 
be seen in figure 4-15. In order to best visualize the temperature change on the heat exchanger 
surface, the minimum and maximum temperatures are used to compute the color limit of the 
infrared image. 
 
Figure 4-15 Comparison of infrared image before and after smoothing 
After obtaining the smoothed infrared image, a transition line will be drawn to identify the 
two-phase zone. According to section 4.2.2.2, there are two ways to determine the location of the 
transition line. One uses the average mass flow rate and the result is shown in Figure 4-16(a). 
The other considers the refrigerant maldistribution. The infrared image of the chosen heat 
exchanger indicates a relatively poor distribution and the mass flow rate through each tube is 
estimated to deviate -20%-70% from the average value according to the simulation result of the 
same heat exchanger (Tuo et al., 2012a). The two solid lines drawn on Figure 4-16(b) are 
computed using 80% and 170% of the average mass flow rate. The location of these two 
transition lines can also be estimated from the infrared image alone which are approximately the 
boundary of the cold blue region and warm red region. The best transition line is tailored within 
that range based on the match between the computed surface temperature and the measured ones. 
In the most superheated tubes, the transition locations are closer to the upper boundary, because 
these tubes receive less than average mass flow rates. While in the least superheated tubes, the 
transition locations are closer to the lower boundary, because the mass flow rate through theses 
tubes are higher than average. 
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                                        (a)                                                  (b)  
Figure 4-16 Determination of transition line considering maldistribution 
4.2.3.3 Validation results 
The quantification method is validated against 12 set of experiments including three 
different indoor temperatures and four different compressor inlet superheats. For the fairness of 
the comparison, the lowest temperature used to compute the color limit for each infrared image is 
0℃ and the highest is the corresponding indoor temperature plus 5℃. The inlet and outlet 
location of the heat exchanger is indicated on the top left part in the following two figures. 
Figure 4-17 shows the comparison of predicted surface temperature and experimental results 
under the same indoor temperature but different superheats at the compressor inlet. The case of 
35 ℃ indoor temperature is used as an example. 
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Figure 4-17 Surface temperature validation results under the same indoor temperature and 
different superheat conditions 
Figure 4-18 shows the comparison of predicted surface temperature and experimental results 
under the same compressor inlet superheat but different indoor temperatures. The 5 ℃superheat 
condition is chosen as a show case. 
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Figure 4-18 Surface temperature validation results under the same superheat and different indoor 
temperatures 
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Reasonable agreement between simulation and experimental results of surface temperature 
can be seen from the above two figures. Especially the shape of the superheat region on the heat 
exchanger surface is well captured by the simulations, which indicates refrigerant distribution 
among parallel microchannels is accurately estimated. The simulated surface temperature is 
found to be consistently lower than the experimental results. This might be due to the 
measurement error coming from the infrared camera (±2℃) and the fact that this is the infrared 
image of the frontal surface of the heat exchanger. 
The comparison between predicted and experimental capacity is shown in Figure 4-19. 
Agreement within 5% is achieved. 
 
Figure 4-19 Capacity validation 
4.2.4 Application of the quantification method 
The quantification method can be used to evaluate the refrigerant distribution in operating 
heat exchangers under various conditions. By using infrared thermography, this method is non-
contacting and none-intrusive, thus have no effect to the operation of the experimental system. It 
can also be easily implemented with low cost. 
Apart from the feasibility under different operation conditions, the quantification method can 
also be applied to numerous heat exchanger designs.  Since refrigerant maldistribution is less 
important in condenser (Pottker and Hrnjak, 2012), the following examples only focus on 
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evaporators. Figure 4-20 shows the comparison between the predictions of liquid refrigerant 
distribution using the newly proposed quantification method and empirical correlation (Tuo et al. 
2012a). Liquid fraction on the y axis stands for the percentage of the total liquid refrigerant that 
each tube receives. The liquid refrigerant distribution profile predicted by the quantification 
method is smoother and matches better with the shape of the superheat region than the profile 
predicted by the empirical correlation. Also empirical correlations are developed for specific heat 
exchanger designs which prevent broad application. There are currently very few empirical 
correlations that can work well for the heat exchanger configuration shown in Figure 4-21 having 
the inlet and outlet on the same side. But the quantification method can provide good estimation 
regardless of the inlet and outlet locations. Figure 4-22 demonstrates that this method can also 
handle the estimation of liquid refrigerant distribution in the heat exchanger with vertical headers 
and horizontal tubes. 
 
Figure 4-20 Example for heat exchanger with inlet and outlet on the opposite side 
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Figure 4-21 Example for heat exchanger with inlet and outlet on the same side 
 
Figure 4-22 Example for heat exchanger with vertical header and horizontal tube 
The existence of flooded tubes in a heat exchanger creates limitation for this method. The 
quantification of liquid refrigerant distribution is based on the premise that all the liquid has 
evaporated before it reaches the end of the tube. So this method cannot work for situations like 
the first pass in a multiple circuits evaporator or the last pass in a multiple circuits condenser 
where many flooded tubes exist. 
4.3 Model Validation  
Lubricant effects take place in the inlet header and among parallel microchannel tubes, both 
of which should be included in the microchannel heat exchanger model aiming to fully consider 
oil effects. 
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The lubricant effect among parallel tubes can be taken into account using the model 
developed in section 4.1. Ideally, a quality distribution function with oil should be used to 
quantify lubricant effect in the inlet header. But there is no such correlation in the open literature 
at this point which can be applied to the heat exchanger used in this study. So the distribution 
quantification method introduced in section 4.2 is employed here to serve as a quality 
distribution function in our model. 
Simulation results including capacity, pressure drop and superheat are validated against 
experimental data. Normally pure refrigerant models do not consider the existence of lubricant or 
modify the mass flow rate by multiplying (1-OCR). The model incorporating lubricant effect is 
compared with two above-mentioned pure refrigerant models (three models use the same 
distribution function which is reversely calculated from infrared image) and superiority of 
performance prediction using the lubricant model is demonstrated.  
Figure 4-23 illustrate the capacity validation of two pure refrigerant models and the 
refrigerant-oil mixture model against experimental results. The capacity prediction of the model 
with lubricant effect has a root-mean-square-deviation (RMSD) error of 5.5% and the agreement 
between simulation and experimental results is within 4%. While the pure refrigerant models 
with and without modifying the mass flow rate by subtracting OCR have RMSD of 13.4% and 
20.7%. They both have tendency of over predicting the capacity (more than 8%) when OCR is 
higher than 5%. 
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Figure 4-23 Capacity validation of three different modeling approaches 
The pressure drop validation of three different models is demonstrated in Figure 4-24. The 
lowest RMSD (12.1%) is achieved in the lubricant model and most of the prediction is within 
10% agreement with the experimental data. Two pure refrigerant models tend to underpredict the 
pressure drop at high OCRs. 
 
Figure 4-24 Pressure drop validation of three different modeling approaches 
56 
 
The superheat prediction of three models is also validated against experimental data which is 
shown in Figure 4-25. Although the lubricant model does not show clear superiority, the 
agreement between prediction and measurement is within  3℃. The pure refrigerant model 
which deducts the oil mass flow rate tends to over predict the superheat. 
 
Figure 4-25 Superheat validation of three different modeling approaches 
Overall our new model incorporating lubricant effect provides better prediction of 
performance than pure refrigerant models especially at high OCRs (>5%).  
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CHAPTER 5 SUMMARY AND CONCLUSIONS 
5.1 Conclusion for experimental study 
Firstly, the lubricant effect on refrigerant distribution in microchannel evaporators is 
investigated quantitatively by relating the flow regimes in the inlet header and the corresponding 
infrared images. High speed visualization has been performed for the flow with wide range of oil 
concentration (OCR: 0.1%-9%) and viscosity (PAG46, 100, 150). Foam is witnessed in all flow 
regimes. Quantitative information including foam location, foam layer thickness is obtained 
using a matlab-based video processing program. At low OCRs (<3%), due to relatively small 
amount of foam formation, the tube inlets are likely to be exposed in the vapor phase. This 
regime creates opportunities for large quantity of vapor being distributed at the beginning part of 
the inlet header thus worsens the distribution. At high OCRs (>5%), the relatively thicker foam 
layer covers the tube inlets for most of the time, suppressing vapor maldistribution at the 
beginning.  Viscosity of the lubricants has no significant effect on the flow regimes in the inlet 
header. Higher viscosity slightly deteriorates distribution which might be due to the adverse 
viscosity effect among parallel microchannel tubes. 
Secondly, the lubricant effect on evaporator capacity is studied. Two microchannel heat 
exchangers with different distribution baselines are used in the experiments. Increasing OCR has 
been found beneficial for refrigerant distribution, contributing to higher mass flow rates. But the 
addition of lubricant can significantly decrease the specific enthalpy difference of the working 
fluid mainly because of the non-evaporative nature of lubricant (in the temperature range of air 
conditioning application) and the dissolution of refrigerant in lubricant. The overall OCR effect 
on capacity is the balance of these two opposing effects. Higher viscosity is found to be 
detrimental for capacity. 
Then, the lubricant effect on system performance is examined. Higher OCR will result in 
lower compressor power which is mainly attributed to the decreasing compressible vapor 
refrigerant mass flow rate and the cooling effect caused by refrigerant evaporation during 
compression process. Higher viscosity will increase compressor power by creating more friction. 
COP peaks haven been seen around 2-3% OCR for almost every condition that were examined in 
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this study. Higher viscosity will cause reduction of COP because it decreases capacity and 
increase compressor power at the same time. 
5.2 Conclusion for modeling study 
On the modeling side, a single tube model is first developed using a thermodynamic 
approach to take account of the thermodynamic and transport properties of refrigerant-oil 
mixture and their impact on boiling heat transfer and pressure drop characteristics. Then a two 
tube model which is assembled by two single tube model is used to demonstrate how oil affects 
the flow resistance of each tube, and thus, affect distribution. After that, a heat exchanger model 
only considering lubricant effect among parallel microchannel tubes is developed and it have 
been shown that 1) high viscosity is detrimental for refrigerant distribution; 2) as OCR increases, 
distribution becomes worse but at very high OCR, distribution becomes better. 
In order to improve the model by taking account of lubricant effects in the inlet header, 
attempts have been made to calculate refrigerant distribution inside of microchannel tubes 
reversely from the infrared image of the heat exchangers. As a result, a non-intrusive and low 
cost distribution quantification method has been developed correlating the liquid refrigerant 
distribution with evaporator air inlet temperature (measured by thermocouple) and evaporator 
wall temperature (measured by infrared camera). This method has been validated against wide 
range of experimental datas and it can be applied for different types of heat exchangers and 
various heat exchange designs. 
The newly proposed distribution quantification method can serve the same role as a quality 
distribution function in a mircochannel heat exchanger model (If used as a distribution function, 
it cannot perform prediction because it comes from the infrared image taken in the experiment. 
So this method is mainly used as a quantification tool for refrigerant distribution), by this means 
the lubricant effect in the inlet header is taken into account. Combining the distribution function 
reversely calculated from the infrared image with the parallel tubes model introduced earlier, a 
complete heat exchanger model is formed fully incorporating lubricant effects. This model is 
validated against the experimental data (shown in appendix) and better prediction of performance 
has been confirmed over pure refrigerant models especially at high OCR’s. 
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APPENDIX 
Experimental results 
Table A-1 Experimental results of R134a and PAG46 pair in HX1 
OCR Qe Qair Qref Wc 
isen  COPave COPair COPref mtotal xin 
0.1% 2.903 2.935 2.871 1.230 0.543 2.360 2.386 2.334 18.43 0.228 
0.6% 2.931 2.964 2.897 1.199 0.579 2.444 2.472 2.416 18.87 0.225 
1.6% 2.887 2.926 2.848 1.187 0.594 2.432 2.465 2.399 18.92 0.222 
3.2% 2.842 2.894 2.789 1.165 0.605 2.439 2.484 2.394 18.96 0.216 
4.3% 2.814 2.83 2.799 1.164 0.617 2.419 2.432 2.405 19.4 0.213 
4.8% 2.816 2.827 2.805 1.165 0.617 2.417 2.427 2.408 19.49 0.208 
6.5% 2.787 2.817 2.756 1.168 0.619 2.386 2.412 2.359 19.66 0.208 
7.2% 2.779 2.789 2.77 1.153 0.629 2.411 2.419 2.403 19.91 0.201 
 
Table A-2 Experimental results of R134a and PAG46 pair in HX2 
OCR Qe Qair Qref Wc 
isen  COPave COPair COPref mtotal xin 
0.1% 2.317 2.336 2.297 1.198 0.438 1.934 1.950 1.918 14.60 0.249 
0.5% 2.365 2.402 2.327 1.149 0.491 2.058 2.091 2.026 15.02 0.254 
2.2% 2.432 2.439 2.425 1.079 0.587 2.255 2.261 2.248 16.22 0.247 
5.4% 2.367 2.338 2.396 1.074 0.611 2.439 2.204 2.231 16.99 0.246 
8.3% 2.326 2.353 2.38 1.079 0.615 2.180 2.155 2.205 17.58 0.246 
 
Table A-3 Experimental results of R134a and PAG100 pair in HX2 
OCR Qe Qair Qref Wc 
isen  COPave COPair COPref mtotal xin 
0.1% 2.146 2.166 2.127 1.174 0.439 1.828 1.845 1.812 13.63 0.260 
0.5% 2.334 2.356 2.312 1.197 0.467 1.950 1.968 1.931 14.81 0.254 
1.5% 2.321 2.269 2.374 1.100 0.572 2.109 2.062 2.157 15.81 0.243 
5.6% 2.267 2.216 2.318 1.090 0.595 2.081 2.034 2.128 16.36 0.242 
9.0% 2.268 2.175 2.362 1.107 0.617 2.049 1.964 2.133 17.70 0.241 
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Table A-4 Experimental results of R134a and PAG150 pair in HX2 
OCR Qe Qair Qref Wc 
isen  COPave COPair COPref mtotal xin 
0.1% 2.271 2.300 2.241 1.256 0.414 1.807 1.830 1.784 14.28 0.253 
0.5% 2.324 2.352 2.295 1.218 0.460 1.908 1.931 1.885 14.83 0.252 
2.8% 2.346 2.357 2.335 1.109 0.574 2.116 2.126 2.106 15.83 0.244 
6.2% 2.183 2.168 2.197 1.092 0.582 1.999 1.986 2.012 16.09 0.246 
7.8% 2.180 2.167 2.194 1.081 0.592 2.017 2.005 2.030 16.27 0.245 
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